Environmental pollution is a complex issue because of the diversity of anthropogenic agents, both chemical and physical, that have been detected and catalogued. The consequences to biota from exposure to genotoxic agents present an additional problem because of the potential for these agents to produce adverse change at the cellular and organismal levels. Past studies in genetic toxicology at the Oak Ridge National Laboratory have focused on structural damage to the DNA of environmental species that may occur after exposure to genotoxic agents and the use of this information to document exposure and to monitor remediation. In an effort to predict effects at the population, community, and ecosystem levels, current studies in genetic ecotoxicology are attempting to characterize the biologic mechanisms at the gene level that regulate and limit the response of an individual organism to genotoxic factors in their environment. -Environ Health Perspect 102(Suppl 12):13-17 (1994) 
Introduction
Pollution of the environment has become a major concern of society. Perhaps one of the more serious concerns is the potential for exposure to substances that are genotoxic. This problem arises because some of these pollutants are carcinogens and mutagens with the capacity to affect both the structural integrity of DNA and the fidelity of its biologic expression (1) .
Genetic toxicology is an area of science in which the interaction of DNA-damaging agents with the cell's genetic material is studied in relation to subsequent effect(s) on the health of the organism. Structural changes to the integrity of DNA caused by DNA-damaging agents are useful end points for assessing exposure to hazardous environmental pollutants on human health (2, 3) and biota (4, 5) . The organism functions as an integrator of exposure, accounting for abiotic and physiologic factors that modulate the dose of toxicant taken up, and the resulting magnitude of the change in DNA structure provides an estimate of the severity of exposure, hopefully in time to take preventive or remedial measures. 576-8543. Genetic ecotoxicology is an approach that applies the principles and techniques of genetic toxicology to assess the potential effects of environmental pollution, in the form of genotoxic agents, on the health of the ecosystem. To this end, recent advances in toxicology, clinical medicine, and molecular genetics will foster a better understanding of the biological, chemical, and physical processes that accompany exposure to genotoxic agents. Because the techniques and methods unique to these disciplines are extremely sensitive and specific, it is anticipated that their implementation into studies concerned with the mechanism of action of genotoxicants will provide a stronger scientific basis for the assessment of risk of exposure.
For these and other reasons, the Biological Markers Group in the Environmental Sciences Division at the Oak Ridge National Laboratory (ORNL) has included genotoxicity studies as part of its activities concerned with the biologic monitoring of environmental pollution. The remainder of this report will provide examples of problems concerning genotoxic agents in the environment and the approaches/techniques used to address these problems. In most instances our studies have been concerned with documenting exposure of environmental species to genotoxic agents via the detection of DNA structural damage. DNA 
DNA Strand Breaks in Turtles and Sunfish
Exposure to genotoxic agents may cause, in addition to or concomitant with adduct formation, other types of damage to the DNA molecule. Strand breakage in the DNA molecule occurs under normal conditions but exposure to genotoxicants can increase the amount. Recent reports (4, 9) have detailed the various types of structural changes that may occur to DNA under normal cellular conditions as well as after exposure to chemical and physical genotoxicants that may potentiate strand breakage. For example, ionizing radiation can cause strand breakage directly, whereas other physical agents such as UV light or genotoxic chemicals can cause alterations to the DNA molecules that are candidates for repair (e.g., photoproducts, adducts, modified bases, etc.) and thus for the occurrence of strand breaks (9) .
Early in 1987, the detection of excessive strand breakage in the DNA of several aquatic species was implemented as a biologic monitor for environmental genotoxicity as a part of the Biological Monitoring and Abatement Program for the U.S. Department of Energy (USDOE) Reservation in Oak Ridge, Tennessee. DNA strand breakage as an end point of genotoxicant insult was used for two important reasons. First, it is compatible with routine monitoring because the analysis (alkaline unwinding assay) for this type of damage is easy to perform (10) and cost effective; second, the assay provides a measure of DNA strand breaks arising from several contaminant-mediated processes (9) . Examples with two different aquatic species will suffice to demonstrate the suitability of the approach.
Two species of turtles, the common snapping turtle (Chelydra serpentina) and the pond slider (Trachemys scripta) were compared for their usefulness as biologic sentinels for environmental genotoxicants in White Oak Lake on the USDOE Reservation (11) . White Oak Lake is a settling basin for low-level radioactive and nonradioactive wastes generated at ORNL since 1943. It supports a high diversity of turtle species, with T. scripta the most abundant and C serpentina as the second most abundant. Cesium-137, cobalt-60, strontium-90, and tritium contribute most of the radioactivity to the lake. Speciesspecific data collected on DNA strand breakage in turtles captured in White Oak Lake were compared to data from the Bearden Creek embayment, a reference site with similar biota but with no known history of contamination by hazardous chemicals. Over the entire course of the study, genotoxic stress was evident in both species taken from White Oak Lake. This is graphically represented in Figure 1 14) . Sediment-exposed makes up only 1% of the UV that reaches me-dependent increase the surface of the earth, this portion of the and breakage of their UV spectrum has been postulated to have biologic responses of had a major impact on the evolution of life vce were measured and on the planet (17) .
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New Research Initiatives at ORNL
New research initiatives in genetic ecotoxicology are underway at ORNL to examine changes at the gene level that may be responsible for an organisms response to genotoxicants. These investigations are based on two important assumptions: that there may be a genetic basis for this response, and that techniques of molecular biology are available with the sensitivity and specificity to address questions about organism-toxicant interactions at the gene level. Two new initiatives are briefly discussed to illustrate the direction of our research.
Transgenic Fish
A transgenic fish Uapanese medaka, Oryzias latipes) has been produced containing the lacz reporter gene through electroporation of medaka eggs at the four-cell stage of development. Currently, backcross matings to wild-type medaka have begun to detect integration of a single transgene and to establish inheritance in a Mendelian fashion. The transgenic fish will be used to determine the mutagenic potential of aquatic environments. For example, the lIcz can be retrieved from the transgenic fish after exposure and analyzed for change in mutational frequency. Also, the organism can be used to test for tissue susceptibility to genotoxic/mutagenic compounds or their metabolites and to detect specific DNA base changes caused by genotoxic agents.
Population Genetics
The effect of environmental contamination on population genetics of aquatic species is under investigation. This research is based on the hypothesis that there will be a selective advantage to variants in the population that are genetically predisposed to cope with toxicants. For example, we have been examining a series of retention ponds heavily contaminated with radionuclides, but which have supported a resident population of mosquitofish (Gambusia affinis) for the past 20 years.
In a recent study (unpublished data) we found that there was an inverse correlation between DNA strand breakage and fecundity of fish from the contaminated ponds. This has implications for higher-order ecologic effects, as well as for contaminantinduced selection of resistant phenotypes. Current investigations have provided evidence that genetic diversity is increased in the population of fish occupying the radionuclide-contaminated sites relative to reference sites. These findings are supported both by allozyme analysis-through determination of average heterozygosity and percent polymorphisms-and by the RAPD (randomly amplified polymorphic DNA) technique-by determining average similarities of banding patterns between individuals within populations. In addition, it has been found that certain banding patterns are more prevalent in the contaminated sites than in the reference sites. Individuals that display these banding patterns at one of the contaminated sites have a higher fecundity and lower degree of strand breakage than individuals with the less common banding patterns. This type of pattern is also observed with allozyme analysis-heterozygotes, especially at the nucleoside phosphorylase locus, are more common in the contaminated sites. Within the contaminated sites, heterozygotes have a higher fecundity and lower degree of strand breakage than do homozygotes. Long-term laboratory exposures where environmental variables can be more rigidly controlled are underway in an effort to establish relationships among genotype, DNA strand breakage, and fecundity.
Discussion
This report summarizes several past attempts at ORNL to detect genotoxic insult in environmental species exposed to pollution and outlines current investigations to predict or define the potential consequences at higher levels of organization (e.g., population). The former studies examined DNA for structural modifications indicative of damage caused by a genotoxic agent (adduct, strand breakage, and photoproduct). The data were then applied to a particular environmental problem. For example, with the beluga whale, the data helped stimulate the debate on how to manage a threatened species in a polluted environment (7) . At the USDOE reservation in Oak Ridge, Tennessee, the data have been used to define hazardous environments (turtle studies) or to monitor the effectiveness of activities associated with remediation (sunfish studies).
Even though genetic toxicologic investigations are important for the documentation of exposure, they often fail to provide the information necessary to establish why the insult occurred or the outcome. Ancillary data can help ameliorate this situation by defining other cellular mechanisms associated with or linked to the genotoxic response. For example, the difference noted in the amount of UVB-type damage to the DNA of two soybean cultivars could be explained to some extent by the increase in UV-absorbing compounds in one cultivar but not the other (19) . Nevertheless, none of these observations explains the effect of UVB exposure on biomass in these plants.
It is obvious that new approaches are needed that address questions of ecologic significance. Our studies with a population of G. affinis introduced into a radionuclide contaminated pond show that acclimation and adaptation to environmental stress occurred. These processes have a genetic basis; therefore, understanding change at the genetic level should help identify the more complex changes at higher levels. Application of experimental tools currently in use in molecular biology and other related disciplines should help in our understanding of key biologic mechanisms that regulate and limit the response of organisms to stresses in their environment. This is a fruitful area for genetic ecotoxicologic research, because it offers an opportunity to rapidly advance our knowledge and understanding of the effect of environmental pollution (20) .
